A thermodynamic and kinetic model of reoxidation and desulphurisation in the ladle furnace has been developed by using a two-dimensional fluid-flow model combined with equations expressing the thermodynamics of reoxidation and desulphurisation. More specifically, ladle vacuum treatment of a gas-stirred ladle has been simulated. In order to describe the activities of the oxide components of the slag, expressions by Ohta and Suito 1) were adopted. The thermodynamic model describes the slag/metal equilibria between Al, Si, O, Mn and S in the molten steel and Al 2 O 3 , SiO 2 , FeO, MnO and S in the slag. A fluid dynamic model that considers the slag, steel and argon phases derives the kinetics. Results from an isothermal calculation have been heuristically compared with industrial plant data and they show good agreement. The model results have also revealed that the reduction of silica plays a part in aluminium loss during ladle treatment.
Introduction
Increased fundamental knowledge regarding the dynamic reoxidation between slag and steel during ladle refining is necessary in order to optimise secondary refining operations and thus be able to produce highly clean steels. In order to produce clean steels, the dissolved oxygen content is lowered by a reaction with a strong deoxidiser such as aluminium. In this reaction, alumina inclusions are formed. The supply of additional dissolved oxygen through reoxidation from a top slag at this stage of the process will cause a decrease in the dissolved aluminium in the molten steel. This is due to the reaction between oxygen and aluminium during the formation of alumina. If the aluminium loss is substantial it will cause an increase in the oxygen activity in the molten steel, which in turn affects the equilibrium between sulphur and oxygen. As a consequence, the equilibrium sulphur content will increase.
The reoxidation phenomenon is quite complex, especially since reoxidation can take place at different parts of the slag/metal interface at the same time and at different rates. It is also very dependent on the heat and fluid-flow conditions in both the slag and the steel. It is therefore necessary to have access to mathematical models that can describe these heat and fluid-flow conditions for secondary refining, including vacuum treatment.
The authors published a description of a mathematical model of a gas-stirred ladle in 1995 at the Scaninject conference.
2) The predicted data for gas fraction and axial velocity for an gas-stirred water model were found to agree well with measurements of Castillejos and Brimacombe. 3) Furthermore, predicted radial surface velocities in steel were found to agree fairly well with measurements by Hsiao et al. 4) Later, with the incorporation of the slag phase, the model of the gas-stirred ladle was augmented to take three phases into account. 5) This resulted in better agreement of predicted surface velocities and the plant data measured by Hsiao et al. 4) Also, use of the Weber number and physical modelling data by Xiao et al. 6) indicated that the Weber number close to the slag/metal interface could be useful in determining the degree of dispersion of slag into steel. In the following paper, the effect of ladle-slag viscosity on the mixing behaviour of slag and steel was discussed. 7) It was concluded that a small change in slag composition might cause a large change in viscosity that could lead to altered slag/steel mixing conditions. Later, the model was used to study the CAS-OB process. 8) It was found that the agreement between observed sculling/wear pattern and predicted fluid-flow pattern, made it possible to explain sculling and wear behaviour on ladle refractory walls. The size of the gas plume open eye was also verified. Steel-plant operators declared that there was a good agreement between their observations and model predictions and thus model results could successfully be applied in their training programme.
The above findings gave strong overall indications that the fluid-flow model including the slag phase rendered realistic results. Thus, it was considered very worthwhile to proceed to the next step in the research, namely to incorporate slag/metal reactions. In doing so it would be possible to tackle problems that would be of great interest to the metallurgical industry.
In 1998, the model was further developed to take sulphur refining into account by including a coupling between ther-modynamic models for slag/metal reactions and fluid flow. 9) The predictions showed that large concentration gradients of sulphur existed in the steel during the period when the desulphurisation reaction was intense. More specifically, the rate of sulphur refining was dependent on how fast steel of high sulphur content was transported to the slag/metal interface as well as how fast steel of low sulphur content was transported away from the interface. The final predicted sulphur content in the steel was also found to be in fairly good agreement with plant data.
The next step in the model's development was to take vacuum degassing into account and specifically to augment the model to include the solution of hydrogen refining during vacuum degassing. 10) This was done by coupling of the thermodynamic reactions for hydrogen refining in a similar manner as was done for sulphur refining.
9) The concentration gradients of hydrogen remained in the steel as long as the hydrogen removal rate was substantial.
A simplified approach was earlier taken by the authors in modelling reoxidation of an FeO-and MnO-containing top slag.
11) By coupling the surface renewal theory 12) and fluidflow data, the dynamic rate of oxygen transfer was studied. It was concluded that the rate of oxygen transfer to the steel increased with increased FeO and MnO contents in the top slag.
This paper reports on a more fundamental approach for taking reoxidation into account in the model. Thermodynamic reactions affecting the reoxidation are coupled to heat and fluid-flow equations. Here, the importance of the availability of Ohta and Suito's relationships 1) for estimation of oxide-component activities in the slag should be highlighted. Models formulated as simple functions of composition and temperature are necessary in order to model slag/metal reactions according to the suggested procedure.
In the first part of the paper the model for predicting the heat and fluid-flow conditions in the ladle is briefly presented. Thereafter, the thermodynamics of reoxidation, deoxidation and sulphur refining are discussed. Finally, results of the effect of reoxidation on aluminium loss as well as desulphurisation are shown and discussed.
Mathematical Model
A description of the assumptions, transport equations and boundary conditions for heat, fluid and mass flow for sulphur refining during vacuum degassing can be found in a previous publication. 10) In that publication, the treatment of property variations, the slag phase and the dissolved elements are also discussed. Below, a short summary of the assumptions and transport equations is given. In Sec. 3, the thermodynamics of both desulphurisation and reoxidation are discussed.
Assumptions
The following assumptions have been made in the threephase model (steel/argon/slag): ᭹ The calculations are performed in a transient-solution mode. ᭹ There are no temperature gradients at the start of a calculation.
᭹ Dissolved elements are uniformly distributed in the steel melt at the start of the calculation. ᭹ The slag depth is uniform and the slag composition is homogeneous at the start of a calculation. ᭹ Gas bubbles are injected through a porous plug located at the centre of the ladle bottom. ᭹ An interfacial friction coefficient is used to describe the force between gas and steel. ᭹ The free surface of the slag/air interface is frictionless.
An allowance is made for the escape of gas bubbles at the interface. ᭹ There are no liquid/gas reactions within the slag phase.
Equations
The following governing transport equations and turbulence equations need to be solved:
Transport Equations ᭹ Conservation of liquid, argon and total mass ᭹ Conservation of momentum in the axial direction for liquid and argon phases ᭹ Conservation of momentum in the radial direction for liquid and argon phases ᭹ Conservation of thermal energy for liquid and the argon phases ᭹ Concentration equations for dissolved elements in each phase
Turbulence Equations ᭹ Turbulent kinetic energy ᭹ Dissipation rate of turbulent energy
Method of Solution
The solutions to the governing equations, boundary conditions, and source terms are obtained using the Phoenics commercial code. The calculations are done in the transient-solution mode using the algorithm IPSA to solve twophase problems. 13, 14) Typically, first an approximate solution of the overall flow field with an open eye is obtained. This approximate solution could be done with just one, or only a few time steps and requires roughly 40 hr on a Sun Enterprise 4 000 with six 350 MHz CPU's. A full transient solution is then obtained by restarting the flow field from the approximate solution. Here the required time depends on both the simulated time and the length of the time steps used. A typical calculation that uses 1-sec time steps and a 31ϫ41 non-uniform mesh required about 100 hr computational time in the present study. The computational time increases if the convergence criteria for the thermodynamic equations are further restricted, but could be considerably shorter if these criteria are somewhat relaxed. Thus, extensive use of the computational model to do parameter studies would require a very efficient numerical algorithm to achieve simultaneous solutions to the thermodynamic equations.
Thermodynamic Considerations

Assumptions
In the present work, the simultaneous desulphurisation and reoxidation by an Al 2 O 3 -CaO-MgO-SiO 2 -MnO-Fe t O slag of an aluminium-deoxidised steel bath is taken as an example. The calculation is isothermal, i.e. the temperature in the slag and steel is kept constant at 1 590°C throughout the calculation. It means that the solution of the thermal energy equation (mentioned in Sec. 2.2) is not used in the presented calculation. Any interaction between ladle refractory and slag, which affects slag composition, is presently disregarded. Neither is reoxidation from the ladle refractory considered. The initial slag and steel composition data is given in Tables 1 and 2 . In order to formulate the chemical process the following assumptions have been made: ᭹ For any appropriate length of time step, adequate mixing of slag and steel at their interface in the slag/metal mixing zone allows thermodynamic equilibrium to be reached in any calculation node during the interval. Since the volume mixing between slag and metal and the thermodynamic equilibrium in the slag/metal mixing zone are considered, the calculations of interfacial area and the mass transfer coefficients for different elements could be avoided.
9)
᭹ The slag behaves like a liquid phase during the process and solid-phase precipitation in the slag is neglected. This assumption allows for both the application of the sulphide-capacity concept in the model and the model's formulation of the different oxide activities. ᭹ The oxygen activity in the bulk of the steel melt is calculated by using the activity of aluminium in the reaction: In the bulk of the steel melt it is assumed that the activity of alumina is unity.
9) The steel bulk is defined as liquid metal containing less than 1 % top slag (by weight). In the slag/metal mixing zone however, the activity of oxygen is determined by the equilibrium reactions between the liquid slag and steel, as described in Sec. 3 15) has been applied to obtain values of the sulphide capacity of the slag phase. In this model, besides the temperature, only Al 2 O 3 , CaO, MgO and SiO 2 in the slag phase are assumed to influence the value of the sulphide capacity. It is further assumed that the effect of changes in slag composition on the sulphide capacity is negligible.
Desulphurisation
The sulphur in the steel will be exchanged with oxygen in the slag according to the reaction In order to describe the thermodynamics of reaction (2) the concept of sulphide capacity C S was introduced by Richardson and Fincham. 16) As described in previous publications by the authors 9, 17) the sulphur partition ratio, L S , between slag and metal can be related to the sulphide capacity, C S , by the following relationship:
where a O and f S are the activity of dissolved oxygen and activity coefficient of dissolved sulphur in the liquid steel, respectively. K is the equilibrium constant for the exchange of sulphur and oxygen between the molten steel and the gas phase. 9, 17) The sulphide capacity for a slag (30wt%Al 2 O 3 -55wt%CaO-7.5wt%MgO-7.5wt%SiO 2 ) was calculated in a previous publication 10) using the KTH model. 15) The results from that calculation have also been employed in this study.
If the oxygen activity, the activity coefficient of sulphur and the sulphide capacity at a given instant and a given position are known, the sulphur partition ratio can be evaluated at that position. The activities and activity coefficients of the different elements in the metal phase are all functions of the dissolved elements, which can be expressed by applying the dilute-solution model, since the concentrations in the steel phase are low. In the dilute-solution model the activity coefficient of an arbitrary dissolved element in the metal phase, is expressed by using Wagner's equation. The interaction parameters used in the present work were taken from Jonsson et al. 9) and Engh.
18)
Reoxidation Reactions
In the slag/metal mixing zone there are several equilibrium reactions besides the above-described exchange reaction between sulphur and oxygen, which participate during the process. These reactions influence oxygen activity and sulphur and aluminium contents in the steel melt. In this work, four slag/metal reactions have been considered besides the desulphurisation reaction. It has been assumed that no oxides besides Fe t O, MnO, SiO 2 and Al 2 O 3 are involved in these reactions. It is further expected that thermodynamic equilibrium is established dynamically in the slag/metal mixing zone. In order to calculate the activities of oxide-components in the slag, empirical expressions suggested by Ohta and Suito 1) have been adopted. Ohta and Suito 1) expressed the activity coefficients of Fe t O and MnO and the activities of Al 2 O 3 and SiO 2 at 1 600°C as functions of the slag composition. These functions have provided the present authors with relationships needed in the development of the model.
The empirical expressions should only be applied within the following slag composition ranges: 10-60 wt% CaO, 10-50 wt% SiO 2 , 0-50 wt% Al 2 O 3 and 0-30 wt% MgO. Thus the composition range has been limited by these restrictions in the calculation of the activities of oxide-components. Furthermore, the empirical expressions are only valid at 1 600°C. However, the activity coefficients do not change much with temperature, 19) and it is assumed that they are constant in the studied temperature range.
The equilibrium constants for the different reactions are calculated by: where n stands for reaction number, DG°n is the change of Gibbs free energy for reaction n, R is the gas constant and T is the temperature in Kelvin. The expressions for change of the Gibbs free energy for the different reactions are provided in Table 3 . The expressions for calculating the activity coefficients and activities of oxides are given below: The equilibrium constant of reaction (11) To be able to solve the thermodynamic equations for transfer of sulphur, oxygen, aluminium, silicon and manganese at every instant and for each calculation node, a separate transport equation is solved for each of the dissolved elements in the steel phase. In the same way, separate transport equations for the different slag components are solved (Al 2 O 3 , CaO, MgO, SiO 2 , MnO, FeO and S). This means that the concentration profiles for the dissolved elements in the steel phase as well as for oxides and sulphur in the slag phase can be determined at each instant. A more detailed description of the differential equations can be found in the literature.
10)
Results
All the results from the mass, heat and fluid-flow model predictions represent a case where argon is injected at a flow rate of 130 l/min from the bottom of the ladle through a centrally placed porous plug (two-dimensional model). The total pressure above the melt is kept constant during the calculation at 240 Pa in order to simulate vacuum degassing. At the start of the calculation the amounts of slag and steel are 1 120 kg and 90.9 ton, respectively. Since each calculation is isothermal (at a constant temperature of 1 590°C), the slag density is only a function of the slag composition. 20) The slag is assumed to be a completely liquid layer, initially without concentration gradients, covering the steel surface in the ladle. The results are presented as plots of a cross-section through the centre of the ladle. Figure 1 shows an overlay of the variation of the density on top of a velocity vector plot of the flow field in the ladle. It can be seen that a circulation loop in the steel bulk is developed. The density plot shows that a mixing zone between the bulks of the steel and slag is established. In this zone the slag and steel phases become mixed. Figure 2(a) shows the details of the slag and the mixing zone, where contours of the velocity and density have been plotted. Furthermore, the calculation for the present case shows that a recirculation loop in the slag also develops. A stagnant zone in the slag can be found very close to the ladle wall. In Fig. 2(b) an enlargement of the section for the stagnant zone is shown.
An important feature of the present model is the dynamic calculation of the activities of Al 2 O 3 , SiO 2 , FeO and MnO in the slag. An example of the distributed activities of Al 2 O 3 and SiO 2 and the activity coefficients of FeO and MnO after 9.5 min is shown in Fig. 3 . The fluid-flow pattern in the slag is clearly reflected in the figure. The activities and activity coefficients are higher within the recirculation loop and also in the stagnant zone close to the ladle wall.
The slag composition changes with time as the overall ment and instead a region with an increased MnO content very close to the ladle wall just above the slag/metal interface develops. This region close to the wall increases both in size and MnO content towards the end of the treatment. The average final MnO content in the slag was calculated to be 0.055%. In Fig. 6 the distribution of the sulphur content in the slag after 9.5 min is illustrated. The fluid-flow pattern in the slag is also here clearly reflected by the concentration profile. The recirculation loop can be seen, as well as the stagnant zone. The slag absorbs sulphur, which is transported towards the stagnant zone. In the stagnant zone there is a build-up of sulphur close to the ladle wall, with a local maximum sulphur content of about 2 %. In the recirculation loop there is also an increased sulphur content, the value being around 1.1 %. Figure 7 illustrates how the aluminium content in the steel changes with the refining time. The calculated concentration profiles after 1.5, 4 and 9.5 min are shown. It is clear that the aluminium content decreases during the process. The oxidation of dissolved aluminium takes place in the mixing zone, where the steel phase becomes depleted of aluminium. Steel of lower aluminium content is transported according to the main fluid-flow pattern towards the ladle wall and down into the steel bulk. In Fig. 8 the concentration profile of dissolved silicon after 6.5 min is illustrated. Since the initial content of Si at the start of the calculation was 0.22 %, it is obvious that the average silicon content in the steel has increased. In Fig. 9 the manganese concentration profile in the molten steel after 30 sec is shown as isocontours and, like silicon, it shows a small increase. The initial content of manganese in the steel was 0.28%.
In order to evaluate the influence of FeO and MnO in the slag on desulphurisation and aluminium loss, the simulated results were recalculated in such a way that the oxygen contribution from FeO and MnO was excluded. Figure 10 shows the calculated average sulphur and aluminium contents in the steel phase as functions of time both with and without oxygen contributed from FeO and MnO. As seen in the plotted simulation results, the sulphur and aluminium contents also decrease with time. The desulphurisation rate is faster during the first part of the simulated refining time and then it slows down towards zero for both cases. During the last 350 sec the average sulphur content in the steel is nearly constant. When the oxygen contribution by FeO and MnO is excluded, the desulphurisation rate increases in the beginning of the calculation. The rate of aluminium oxidation decreases continuously during the calculation with a falling rate and the average aluminium content never reaches a constant level. In the case where the oxygen contribution from FeO and MnO is excluded the oxidation rate of dissolved aluminium is slower in the first part of the calculation and the final aluminium loss decreases. The final aluminium contents with and without oxygen contributed by FeO and MnO were 0.023 % and 0.028 %, respectively. The corresponding final sulphur contents differ much less, 0.015 % and 0.014 %, respectively.
Discussion
Oxygen Balance
The model simulation showed that the aluminium content in the steel decreases during the refining. At the same time the sulphur content in the steel decreases. The FeO and MnO contents in the slag decrease as well if the initial concentrations are above the equilibrium values. The average silicon in the steel increases during certain periods of time in the calculation, which means that SiO 2 in the slag would be reduced. The exchange of sulphur between steel and slag releases oxygen from the slag, which reacts with the dissolved aluminium, thereby decreasing it. The reduction of FeO, MnO and SiO 2 , due to the low oxygen potential at the slag/steel interface, also releases oxygen, which reacts with dissolved aluminium. A simplified mass balance using the results from Fig. 10 can critically examine the results from the model simulation. Slag and steel amounts given in Section 4 were used as well. The mass balance is shown in Table 4 .
The error in the oxygen mass balance is 5.5 % of the oxygen amount needed in order to account for the aluminium loss. The error is acceptable, considering the simplifications made in the calculation. This means that the calculated results are reasonable from a theoretical point of view. The present results also show that reduction of silica in the slag phase will contribute to the reoxidation. According to the calculation results, as much as 60 % of the aluminium loss can be explained by silica reduction in the studied case. Only 16 % of the oxygen is due to the reduction of FeO and MnO. The rest comes from the sulphur/oxygen exchange between slag and steel. However, in the present case the initial FeO and MnO contents in the top slag are low compared to what can be expected in many steel plants. If they were increased, their relative oxygen contribution to the oxygen balance would also increase. 
Comparison with Plant Data
It is of great interest to compare the calculated results with actual industrial plant data. The purpose of the comparison in the present work is only to evaluate a few parameters and check if the calculated results agree with plant data in general terms. Ovako Steel AB supplied the plant data used in this study. The data is from an argon-stirred heat under degassing with very similar steel and slag compositions as those employed in the model simulation. The actual vacuum treatment time was equal to the model simulation time. Analysis data from steel samples was compared with calculated steel values. The calculation was isothermal, but the actual temperature in the ladle during the degassing decreased during the treatment. The comparison in Table 5 includes reoxidation by FeO and MnO. There is good agreement between the calculations of final aluminium content and plant data. The calculated sulphur content at the end of ladle treatment is somewhat higher than that of the analysed steel sample. This could be due to the isothermal conditions in the simulation and/or too high an initial FeO content.
The model calculations also show that equilibrium with respect to sulphur seems to have been established in the simulation. The reaction between oxygen and aluminium does however seem to continue, since there is no clear plateau level in Fig. 10 . This indicates that the reoxidation reactions were still in progress even at the end of the model simulation.
In Table 6 intervals of typical top-slag compositions, with respect to Al 2 O 3 , SiO 2 , FeO and MnO from plant data are shown. The slag compositions correspond to the end of ladle treatment. The determined contents of FeO and MnO vary quite a lot, which may be due to the slag sampling technique and sample preparation procedure. Still, the calculated average FeO and MnO contents at the end of the simulation (0.74 % and 0.055 %, respectively) are quite reasonable when the values are compared to plant data, representing values from a typical slag analysis at the end of vacuum degassing.
Calculated Oxide Activities in the Slag Phase
In Fig. 3 is 10.7.
Conclusions
A two-dimensional three-phase fluid-flow model has been augmented to include thermodynamic equations in order to take reoxidation and desulphurisation into account. Despite the fact that the simulated case was isothermal, the model could be used to predict the loss of aluminium and desulphurisation in the steel and the reduction of FeO and MnO in the slag. The model results also revealed the influence of silica reduction on aluminium loss. The results show that this concept is promising for future work on dynamic modelling of slag/metal reactions. The importance of having access to reliable thermodynamic relationships for estimation of activities of oxide components in the slag phase and elements in the steel phase has also been demonstrated in the development of the present model. Such relationships are fundamental to the calculation of local equilibrium reactions at the slag/metal interface.
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